Introduction
The cytochromes P450 (P450s) are an important class of heme-containing enzymes that act as monooxigenases. P450s have a variety of critical roles in biology and are considered the most versatile enzymes in nature because of their key part in the metabolism of biomolecules and xenobiotics. The P 450 reacts with one oxygen atom from distinct oxidants such as dioxygen (O 2 ), forming the active oxidant species, the so-called metal-oxo complex (high-valent iron(IV)-oxo intermediate), which is able to transfer the oxygen atom to several substrates like alkanes, alkenes, aromatic compounds and amines, among others. This active species is also responsible for the cleavage of C-C bonds in organic substrates. The key feature of P450 enzymes is their ability to perform this reaction selectively, under mild conditions. Synthetic metalloporphyrins have been extensively used as biomimetic catalysts due to their ability to act as P450 models. Ironporphyrins, in particular, have been employed as models because they are capable of catalyzing organic oxidations. Besides their biological and catalytic properties, ironporphyrins can also be immobilized onto organic polymers as well as amorphous and crystalline inorganic materials, such as silica, alumina, and clays. The immobilization of metalloporphyrins onto inorganic supports has been found to yield efficient, selective catalysts for the oxidation of oxidizable groups, promoting a special environment for the approach of the substrate to the catalytically active species, thus mimicking the "site-isolation principle" of biological enzymes. The sol-gel process is considered an ideal methodology to prepare the ironporphyrin heterogeneous catalysts. Synthetic metalloporphyrins also have potential application in the design of green processes for the accomplishment of many kinds of oxidations mimicking the P450 reactions. Over the last decade the search for efficient and environmentally friendly oxidation procedures that could be used to develop green processes for many kinds of oxidation www.intechopen.com reactions has been intensified. Also, since the oxidation of organic compounds with high selectivity is of extreme importance in synthetic chemistry, many attempts have been made in order to oxidize compounds and produce target components that cannot be easily obtained by conventional routes. A very interesting and promising field for the application of metalloporphyrin catalysts lies in the area of natural product oxidation, with potential use as drugs for clinical practice. This can be achieved by employing clean oxidants like hydrogen peroxide or molecular oxygen. Lignans have attracted much interest over the years on account of their broad range of biological activities, including antitumoral, trypanocidal, antimicrobial, and antiinflammatory activities, so alternatives that promote and improve their production are necessary.
(-)-Hinokinin, a dibenzylbutyrolactone lignan, possesses antileishmanial, anti-inflammatory, antigenotoxicity [5] [6] [7] [8] [9] , and significant in vitro and in vivo trypanocidal activities against Trypanosoma cruzi, the etiologic agent of Chagas` disease. Licarin-A, a neolignan obtained from the oxidative coupling of isoeugenol, displays significant antiparasitic activity against the adult forms of Schistosoma mansoni. Taking into account the antiparasitic potential and the possible production of derivatives from Licarin-A and (-)-Hinokinin, there is great interest in the search for new approaches that will enable the oxidation of these lignans to be carried out, since the oxidized products are probably biologically active. Enzymatic biological models have been widely employed throughout all the phases of drug design and development. In vivo oxidations carried out by enzymes like P450s can be easily mimicked under mild conditions by using synthetic metalloporphyrin systems. More specifically, ironporphyrins have been utilized as P450 models due to their ability to catalyze countless organic reactions. In this chapter, the catalytic activity of ironporphyrins supported on an alumina or silica matrix, prepared by the sol-gel methodology, in the oxidation of lignans such as licarin-A and (-)-cubebin is investigated, in the search for novel systems for the accomplishment of green oxidation reactions by bio-inspired catalysts. Special attention is given to the reaction products and their potential biological activities.
Cytochromes P450 (P450s)
The cytochromes P450 (P450s) are an important class of heme-containing enzymes that contain a protoporphyrin IX as the active center and act as monooxigenases. As observed in Figure 1 , the protoporphyrin presents one S of a cysteine as the fifth ligand and a free sixth coordination site available for the binding of molecular oxygen (McMurry & Groves,1986; Lewis, 2001; Lohmann &Karst, 2008; ) . The P450s have a relatively hydrophobic active site cavity. Cytochrome P450 enzymes are present in all five biological kingdoms. In mammalian species, P450s are present in most tissues and are largely founded in the liver (McMurry & Groves, 1986; Lewis, 2001; Siroká &Drastichová, 2004; Mansuy, 2007; Munro et al.,2007; Lohmann &Karst, 2008) . P450s have a variety of critical roles in biology and are considered the most versatile enzymes in nature because of their key part in the metabolism and degradation of biomolecules and xenobiotics. Their role in the endogenous metabolism of steroids is considered the primary function of the organism (McMurry & Groves,1986; Lewis, 2001; Fig. 1 . Representative structure of cytochrome P450. Siroká &Drastichová, 2004; Mansuy, 2007; Munro et al., 2007; Lohmann &Karst, 2008) , a crucial step in the adaptation of living organisms to their always changing chemical environment (Mansuy, 2007) . It is accepted that in the prehistoric organisms one function of the P450 enzymes was the hydroxylation of organic substrates, so that the oxidized products could be employed as energy source (McMurry & Groves,1986; Lewis, 2001; Siroká &Drastichová, 2004; Mansuy, 2007; Munro et al.,2007; Lohmann &Karst, 2008) . Usually, the exposure of an organism to xenobiotics implies biological responses, generally in the form of biotransformation of the pharmacological or toxic substance, which generally depends on the conversion of the absorbed compound into an active metabolite or not, with a view to its elimination. During the biotransformation, a lipid-soluble xenobiotic or endobiotic compound is enzymatically transformed into polar, water-soluble, and excretable metabolites. The metabolic products are often less active than the parent drug or even inactive. However, some biotransformation products (metabolites) may have enhanced activity or toxic effects compared with the initial compound. A key enzymatic system that determines the body's ability to deal with drugs and chemicals is represented by P450 (Meyer, 1996) . Briefly, drugs and other xenobiotics are transformed via multiple reactions in two distinct stages, namely phase I and phase II reactions. Phase I reactions are regarded as being responsible for preparing the drug for phase II reactions. Phase II reactions are usually the true "detoxification" pathways, leading to compounds that account for most of the inactive, excreted drug products (Tanaka, 2001) . In plant organisms, the production of some significant secondary metabolites, such as lignin, terpenoids, steroids, essential oils, and opioid precursors (Lohmann &Karst, 2008) , which www.intechopen.com are essential for the production of some drugs for use in humans, is also based on cytochrome functions (Lewis, 2001) . The P450s react with one oxygen atom from distinct oxidants such as dioxygen (O 2 ), forming the active oxidant species, the so-called metal-oxo complex (high-valent iron(IV)-oxo intermediate, Fe IV (O)P ⋅ + ), which is able to transfer the oxygen atom to several substrates like alkanes, alkenes, aromatic compounds and amines, among others. This active species is also responsible for the cleavage of C-C bonds in organic substrates. In the mechanism called "rebound mechanism", the hydrogen abstraction from substrates such as alkanes (R-H) by the Fe IV (O)P ⋅ + species takes place, producing an alkyl radical R . and an iron(III)hydroxo complex as intermediates. This is followed by the caged alkyl radical rebound to the hydroxyl group, generating the alcohol (Lewis, 2001; Mansuy, 2007) . (Figure 2 ).
Fig. 2. Rebound mechanism of metalloporphyrin-catalyzed hydroxilations
The key feature of P450 enzymes is their ability to perform this reaction selectively, under mild conditions, by monooxygenation of the substrate (McMurry & Groves,1986; Lewis, 2001; Siroká & Drastichová, 2004; Mansuy, 2007; Munro et al.,2007; Lohmann &Karst, 2008) 
Cytochromes P450 models
The development of research on P450s has largely paralleled that on drug metabolism, and there are strong connections between these two areas (Gibson & Skett, 1994) .
Indeed, it is very important to know and follow the mechanisms organisms undergo after exposure to a xenobiotic. Deeper understanding of the catalytic reactions carried out by enzymes, especially with respect to the nature of the active oxidizing species, has recently been achieved thank to studies on enzyme models (Bernardou &Meunier, 2004; Nam, 2007; Lohmann &Karst, 2008) , particularly synthetic enzymes. By means of synthetic models, it is possible to quickly predict information about the biotransformation of a drug during the search for and development of new therapeutic agents, which in turn enables prediction of their toxic effect (Lewis, 2001; Mansuy, 2007) . Furthermore, the use of enzyme models diminishes animal testing, not to mention the fact that problems related to the isolation of natural enzymes and cells are also eliminated (Bernardou &Meunier, 2004) . Enzymatic biological models have been widely employed throughout all the phases of drug design and development. In vivo oxidations carried out by enzymes like P450s can be easily mimicked under mild conditions by using synthetic metalloporphyrin systems. More specifically, ironporphyrins and manganeseporphyrins have been utilized as P450 models due to their ability to catalyze countless organic reactions (Bernardou et al., 1991) . Several porphyrin systems have been reported in the literature, and over the years three main generations of these catalysts have been prepared (Mansuy, 2007) . Figure 3 shows some structures, representing the three generations of porphyrins. Ironporphyrins, in particular, have been more employed as models because they are capable of catalyzing organic oxidations pretty similarly to the biological enzyme. Besides their biological and catalytic properties, synthetic metalloporphyrins can also be immobilized onto organic polymers as well as amorphous and crystalline inorganic materials, such as silica, alumina, and clays ( Figure 4 ). The immobilization of metalloporphyrins onto inorganic supports has been found to yield efficient, selective catalysts for the oxidation of oxidizable groups, promoting a special environment for the approach of the substrate to the catalytically active species, thus mimicking the "site-isolation principle" of biological enzymes (Lewis, 2001; Mansuy, 2007) . The sol-gel process is considered a practical methodology for the preparation of heterogeneous ironporphyrin catalysts. We ( de Lima et al., 2001; Sacco et al.; Bizaia et al., 2009; de Faria et al., 2004 ; Mac Leod et al., 2006 ; Machado et al., 2009 ) have presented interesting results regarding the efficiency of ironporphyrin catalysts supported on silica or alumina ( Figure 5 ). Synthetic metalloporphyrins also have potential application in the design of green processes for the accomplishment of many kinds of oxidations that mimic the P450 reactions.
Since the pioneering work of Groves (Groves et al., 1979) , synthetic metalloporphyrins have been used as biomimetic catalysts of a multitude of reactions, mainly of oxidations of satured and unsaturated hydrocarbons (Mansuy, 2007) . Over the last years, the great versatility of these biomimetic metalloporphyrins has been extended to the oxidation of countless substrates, thus generating important molecules for application in fine chemistry and in the pharmaceutical industry. Important examples of such reactions are selective DNA cleavage, oxidation of pesticides and lignins, and oxidation of chlorinated aromatic compounds (Mansuy, 2007) . During the last decade, the development of synthetic systems mimicking the activity of cytochrome P450 by using metalloporphyrin catalysts and various oxygen atom donors has been reported. Some catalytic oxidation reactions described in the literature are summarized in Table 1 , but this is not an overview from the literature data. A major review can be found in references (Lewis, 2001; Bernardou &Meunier, 2004; Mansuy, 2007; Lohmann &Karst, 2008) . Table 1 gives some examples of the use of these model systems in the the metabolism of xenobiotics. It is noteworthy that first-and second-generation ironporphyrins are more often employed as catalysts, using Iodosylbenzene (PhIO), NaOCl, metachloroperoxybenzoic acid (m-CPBA), or O 2 /Pt-colloid as oxygen donor. It is also worthy of note that synthetic metalloporphyrin catalysts are also very interesting for application in sophisticated organic synthesis and high-value products, such as fine chemicals. Apart from studies on xenobiotics, these catalysts can also be employed to promote chemical transformations that can potentially replace expensive industrial processes and which normally would not lead to the same product selectivity achieved by means of synthetic metallorporphyrins or biological systems. It is always preferable to use oxidants containing only one oxygen atom when the study of the reaction model is concerned. Iodosylbenzene, for instance, is a widely employed oxidant in the academic field. This polymeric solid does not contain a weak O-H bond, thus eliminating the occurrence of free radical chain reactions normally initiated by oxidants like alkyl hydroperoxides R-O-O-H (Groves, 2006) . However, this oxidant is expensive and hazardous. In fact, while iodosylbenzene is the preferred oxidant in studies related to oxidative metabolism, because it is very good for predicting drug metabolism, it is no longer indicated for research on bio or chemotransformation. Over the last decade the search for efficient and environmentally friendly oxidation procedures that could be used to develop green processes for many kinds of oxidation reactions has been intensified. Also, because the highly selective oxidation of organic compounds is of extreme importance in synthetic chemistry, many attempts have been made in order to oxidize compounds and produce target components that cannot be easily obtained by conventional routes. A very interesting and promising field for the application of metalloporphyrin catalysts lies in the area of natural product oxidation, with potential use in the discovery of new drugs for utilization in clinical practice. This could be achieved by employing clean oxidants like hydrogen peroxide or molecular oxygen. Nevertheless, although dioxygen is considered an ideal oxidant, it is difficult to use this very reactive compound because it is hard to control reaction selectivity, not to mention the security issues related to this gas. It is widely accepted that hydrogen peroxide is another ideal oxidant because of its high active oxygen content, availability, and non-toxicity. Moreover, it is considered to be nonpolluting, since it produces only water as product (Goti & Cardona, 2008) . Oxidations with hydrogen peroxide are highly atom-economic. Furthermore, hydrogen peroxide is a safe, readily available, cheap reagent. Although the oxidation of natural products by synthetic ironorphyrins is a new area, it is a very promising field because it is well established that the chemical transformation of abundant and cheap natural products can make other more valuable compounds with interesting biological activities available. Concerning the production of active compounds, the diversity of the plant kingdom represents an extraordinary reserve of new molecules, but only a small percentage of plant species in the world have been investigated from a chemical viewpoint, and the biological and pharmacological screenings of their constituents are even scarcer (Cordell, 2000) . Pharmacological research on the active principles of medicinal plants has provided important advances in the therapeutics of many diseases, and various substances found in plants have been used as useful tools in pharmacological, physiological, and biochemical studies (Souza Brito, 1996; Rates, 2001 ). The transformation of abundant natural products can transform them into economically valuable compounds, boosting their application in several areas of human heath. One interesting review can be found in the reference (Simões et al., 2009) . In this subject area some interesting research has been carried out on essential oils from plants. Terpenoids, which are widely distributed in nature, play an important role as fragrance, flavoring, and medicaments for the treatment of various diseases. Their chemical transformation by means of oxidation with several oxidants using synthetic metalloporpyrin as biomimetic catalysts of P450s has been reported in the literature (Toshiro et al., 1999) . Konoike et al. (Konoibe et al., 1999) have described the use of the ironporpyrin (FeTFPP, Figure  3 )/metachloroperbenzoic acid system in the allylic hydroxylation of position 11 of triterpenes bearing a sterically hindered olefin. This oxidation position was obtained with the oleanolic acid, ursolic acid, and dihydrolanosterol, and their derivatives were efficiently (67%) converted to the corresponding allylic alcohols. Despite the high conversion rate achieved with the homogeneous catalytic system, the reaction presented some drawbacks, such as the employed temperature -78°C, and no possibility of catalyst reuse, since in fact no reuse of the homogeneous catalyst was mentioned. The paper by Rosália et al. (Rosália et al., 1999) has described oxidation of the monoterpenes: carvacrol, thymol, and p-cymene, Figure 6 , using manganseporphyrins (MnTDCPP and MnTFPP), Figure 3 , /hydrogen peroxide as catalyst/oxidant. The oxidation of carvacrol and thymol selectively produced the thymoquinone, a high-value product compared with the starting reagents, because it has anticancer, anti-inflammatory, and hepatoprotective effects (Ravindran et al., 2010) . The homogeneous manganese catalyst /hydrogen peroxide systems were very efficient for the production of thymoquinone, but no catalyst reuse was mentioned. Millos (Milos, 2001 ) has reported that good thymoquinone production, Figure 6 , (~ 60.0 %) was achieved by oxidizing the essential oil of oregano with the oxidant potassium www.intechopen.com monopersulfate, using an ironporphyrin (FeTPP, Figure 2 ) as biomimetic catalyst. The great differential in this work (Milos, 2001 ) is that, contrary to Rosália et al. (Rosália et al., 1999) , Millo et al. worked directly with the oregano essential oil isolated from dried plant material, whereas Rosália worked with commercially available reagents. Another major accomplishment of Milos's work (Milos, 2001 ) is the fact that a firstgeneration ironporphyrin, which is usually cheaper and easier to synthesize, was employed. However, this ironporphyrin can be easily destroyed under drastic reaction conditions, which would impair catalyst reuse. Cavaleiro et al . (Cavaleiro, et al.,1996) have been one of the first to report the processing of 1, 8-cyneole, Figure 7 , one of the major components of the essential oils of Eucalyptus globules, using the clean oxidant, hydrogen peroxide. Although this oil is abundant, it is inert and had little economic significance. The oxidation of cyneole by a manganseporphyrin (MnTDCPP or MnTFPP, Figure 3 )/hydrogen peroxide system generated oxygenated products with high added value. The homogeneous catalysts were very efficient, and the use of a cocatalyst improved hydrogen peroxide efficiency, consequently allowing for higher substrate conversion using shorter reaction times and smaller amounts of H 2 O 2 , without loss of selectivity. No catalyst reuse was reported. Another greatly important and largely available terpenoid is limonene, Figure 8 , which is a source of a great variety of oxyfunctionalized derivatives. Some literature works have reported the chemical transformation of this substrate by manganesoporphyrins/H 2 O 2 systems (Skrobot et al., 2003) . Metalloporphyrin systems have also been employed as efficient catalysts in the epoxidation of pinene to pinene oxide, Figure 8 , which is a useful www.intechopen.com intermediate in the synthesis of several sandalwood fragrances (Maraval et al., 2002; Skrobot et al., 2003) have reported on excellent studies about this substrate using these systems. Skrobot et al. (Skrobot et al., 2003) have described the use of manganeseporphyrins (manganese(III) tetra(4-N-benzylpyridyl)porphyrin, in particular) as catalysts for the epoxidation of pinene and for the hydroxylation of carvacrol, Figure 6 , using hydrogen peroxide as oxidant. The catalysts were used in either homogeneous solution or supported on Y zeolite. The results reported by the authors were very interesting, since the heterogeneous system gave similar results to those achieved with the homogeneous system. This was considered promising because it is normally expected that heterogenous catalysts will lead to reduced conversion rates, due to the difficult access of the substrate to the active site and diffusion of the products back into solution. However, despite the use of a clean oxidant, re-use of the heterogeneous catalyst prepared by Skrobot et al. (Skrobot et al., 2003) revealed loss of catalytic activity, attributed to leaching of the manganeseporphyrin from the zeolite. Even though literature works have described several tests using metalloporphyrin models, we have verified that only a few works have tested the substrate directly extracted from plants. Recently Schaab et al. (Schaab et al., 2010) employed the system ironporphyrin/iodosylbenzene in the oxidation of the substrate piplartine, a potential anticancer plant (isolated from Piper tuberculatum). They showed that ironporphyrin is a good catalyst for prediction of drug metabolism by P450. Nevertheless, most studies were accomplished using standardized, commercially available compounds. Moreover, the oxidant of choice in the majority of the studies is iodosylbenzene, which is very good for predicting drug metabolism, but is no longer indicated for studies on bio or chemical transformation of substances for medicinal uses. Also, many works have employed homogeneous catalysts and there is no mention of catalyst reuse, probably because of the relative difficulty in isolating it from the reaction medium. Still, among the works reported above involving the chemical transformation of plants, it can be noted that most papers focus on studies of terpenoids and their derivatives. Thus, increasing the research on the oxidation of active ingredients from other medicinal plants and establishing larger association between chemistry and pharmacology are still necessary, in view of the possibility of discovering new pharmacologically active chemicals. Lignans are among the chemicals produced by plants that deserve special interest and therefore must be chemically and pharmacologically exploited.
Synthetic metalloporphyrins in the oxidation of plants

Oxidation of lignans by ironporphyrins
Lignoid term is a generic name, which features a group of secondary metabolites whose skeleton is formed exclusively by the group phenylpropanoid (C3-C6) n, where n is restricted to a few units (Ward,1999) . Because of the wide diversity of occurrence, the broad spectrum of biological activities, and the important role they play in plant development, the lignoids have been the target of several studies (MacRae & Towers, 1984; Saleem et al., 2005) . Among them, there are lignans and neolignans. Lignans are dimers derived from condensation by oxidative coupling of cinnamyl alcohols with each other or with cinnamic acids, whose carbon γ (C3) of side chain is oxidized (Ward, 1999; Gottlieb & Yoshida, 1989) . Thus, lignans are biosynthesized by dimerization, via oxidative coupling of phenylpropanoids units (C6C3), forming a variety of structurally distinct subclasses. An example of these substances is cubebin (Figure 9a ), a dibenzylbutyrolactone lignan obtained from the seeds of Piper cubeba (Piperaceae), which has anti-inflammatory (Souza et al., 2004; Silva et al.,2005) ; and trypanocidal (Bastos et al., 2001 ) activities. Neolignans are dimers derived from condensation by oxidative coupling of allyl and /or propenyl phenols and, unlike lignans, are free of oxidation in the γ carbon atom. An example of this class is veraguensin (Figure 9b ), a tetrahydrofuran neolignan found in Nectandra megapotamica (Lauraceae), which has anti-inflammatory (Da Silva Filho et al., 2004 a) trypanocidal (Lopes, et al. 1998; Da Silva Filho et al., 2004) , properties. In general, the biological and commercial importance of these compounds can be represented by derivatives of podophyllotoxin (Figure 10 ), a lignan obtained from Podophyllum peltatum (Berberidaceae) and used in the treatment of cancer . Actually, lignans have interesting biological properties, and useful drugs have been developed from the well-known lignans podophyllotoxin and steganacin (of the phenyltetraline and dibenzocyclooctane classes, respectively) for the treatment of cancer as well as other ailments. Crude plant materials containing lignans have long been used in folk medicine (Rehnberg & Magnusson, 1990) . Another major focus of the search for active natural products has been the antiparasitic activities of compounds, especially the schistosomicidal , trypanocidal , and leishmanicidal (Barata et al., 2000) activities of these substances. Such activities are respectively represented by methylcubebin (Figure 11a), veraguensin (Figure 9b) , and surinamensin (Figure 11b) , showing that lignans and neolignans prototypes are promising for the development of new antiparasitic drugs. On account of the biological activities of lignans, including their anticancer, antitumoral, trypanocidal, antimicrobial, and anti-inflammatory activities, some alternatives that will promote and improve their production are necessary.
(-)-Hinokinin, Figure 12 , a dibenzylbutyrolactone lignan, possesses antileishmanial, antiinflammatory, antigenotoxic (Souza et al.,2004 ; Medola et al., 2007) , and significant in vitro and in vivo trypanocidal activities against Trypanosoma cruzi, the etiologic agent of Chagas` disease . Considering its promising biological activities, as well as its potential use as trypanocidal drug, large quantities of (-)-hinokinin are needed. (-)-Hinokinin and (-)-cubebin co-occur in P. cubeba, where they are among the major components of the biomass (Souza et al., 2004; Silva et al., 2007) . In a traditional process, the oxidation of (-)-cubebin, catalyzed by pyridinium chlorochromate, PCC, can produce additional quantities of (-)-hinokinin. However, PCC is toxic and contains chromium (VI), a potential carcinogen. Besides its direct toxicity, the use of heavy metals (chromium) is a potential environmental problem to both water and soil qualities, and consequently to plant, animal, and human life (Barros et al., 2007) . As part of our work on oxidative catalytic systems involving ironporphyrins (Papacídero et al., 2006) , as well as of our studies on the synthesis and biological activities of lignans Da Silva Filho et al., 2004; our group has developed a synthetic method for production of (-)-hinokinin consisting of the oxidation of (-)-cubebin catalyzed by biomimetic heterogeneous metalloporphyrin catalytic systems. Cubebin was isolated by us directly from Piper cubeba. (Powdered seeds of Piper cubeba L., bought from the market, were exhaustively extracted by maceration with 96% ethanol. The concentrated crude extract was partitioned between the hexane and methanol/water (9:1) phases and purified by liquid chromatography and crystallization). The genus Piper has over 700 species distributed in both hemispheres. Piper cubeba, belonging to the Piperaceae family, is one of the folkloric plants used as a spice in many countries, including Indonesia, India, Europe in the middle ages, and Morocco. It has also been used for the treatment of dysentery, syphilis, abdominal, pain, diarrhea, enteritis, and asthma (Usia et al., 2005) . P. cubeba has been investigated by our research group, too, aiming to evaluate the biological activities of extracts, isolated compounds, and dibenzylbutyrolactone semi-synthetic derivatives.
Similarly to what was reported previously by our group in the case of the epoxidation of alkenes ( De Lima et al., 2001) , the immobilization of ironporphyrin on alumina prepared by the non-hydrolytic sol-gel route (NHG) is a very interesting and efficient method for the construction of selective catalysts for cubebin oxidation. The ironporphyrin was efficiently supported on the matrix and it did not leach from the support in the employed reaction conditions. The oxidation of (-)-cubebin (a), catalyzed by the heterogeneous FeTFPP-NHG system, was performed with two oxidants, namely iodosylbenzene or H 2 O 2 , at atmospheric pressure and room temperature ( Figure 13 ). The oxidation of (-)-cubebin was efficiently catalyzed in the case of both oxidants, leading to the sole production of (-)-hinokinin (b). Higher yields of this product and 100% selectivity were obtained when PhIO was used as the oxygen donor, compared with H 2 O 2 (70%) (Figure 13 ). It is noteworthy that the catalytic activity of the FeTFPP-
NHG/acetonitrile/PhIO system was similar to the oxidizing activity of PCC (98 % hinokinin yield). Considering that the formation of (-)-hinokinin catalyzed by ironporphyrins was performed under mild and environmentally-friendly conditions, the results obtained here are better than those achieved using PCC. These results are quite interesting and, to our knowledge, there are no similar works reported in the literature. The great advantage of the heterogeneous catalyst is its reuse, and the high efficiency and stability of a catalytic system can be confirmed via catalyst reuse. To this end, the solid catalysts were separated from the reaction mixture after each experiment by simple filtration and dried before being used in a subsequent run. In the case of our system, the catalyst was reused in five consecutive runs, without loss in terms of selectivity. So it can be claimed that the non-hydrolytic sol-gel method allowed for contruction of an economically viable catalyst that can be successfully reused. SEM techniques revealed that catalyst structure was preserved after the five reuse experiments, a clear indication of the stability and robustness of the catalytic system prepared by the non-hydrolytic sol gel process. The results obtained here give strong evidence that the active catalytic species responsible for the oxidation of cubebin is the metal-oxo complex (high-valent iron(IV)-oxo intermediate, Fe IV (O)P ⋅ + ), so it can be said that an efficient catalyst bioinspired on P450s was built.
Licarin-A, a neolignan obtained from the oxidative coupling of isoeugenol, displays significant antiparasitic activity against the adult forms of Schistosoma mansoni. Taking into account the antiparasitic potential and the possible production of derivatives from licarin-A, such as (-)-hinokinin, a dibenzylbutyrolactone lignan, there is great interest in the search for new approaches that will enable the oxidation of these lignans to be carried out, since the oxidized products are probably biologically active. Our group has also examined the oxidation of licarina-A, Figure 14 , by a system bioinspired on the P450s, more specifically the second-generation ironporphyrin FeTFPP + immobilized on silica and the oxidants iodosylbenzene, or hydrogen peroxide. The licarin-A was obtained by oxidative coupling, using (E)-isoeugenol (10.5 mmol), dissolved in methanol (50 mL), citrate-phosphate buffer (450 mL, 20 mM, pH 3) and horseradish peroxidase (HRP, 20 mL, 2500U) ). The mixture was stirred while H 2 O 2 30% (0.57 mL) was added dropwise over 10 min. Licarin-A (a white solid) was purified by column chromatography (silica gel 60 0.040-0.063 mm) with hexaneethyl acetate (8:2 v/v). Initially, FeTFPP + was covalently bound to the silica support by means of the sol-gel method, which consisted in reacting the metalloporphyrin with 3-aminopropyltriethoxysilane (APTES), as previously described by Ciuffi et al (Ciuffi, et al., 2000) . The oxidation of licarin-A catalyzed by silica-FeTFPP occurred in mild conditions, and the products were isolated by high performance liquid chromatography. The ironporphyrin was efficiently supported on the matrix and did not leach from the support under the employed reaction conditions. As in the case of cubebin, the oxidation of licarin A catalyzed by the heterogeneous FeTFPPsilica was performed by using one of the following oxidants: PhIO or H 2 O 2 , at atmospheric pressure and room temperature ( Figure 5 ). Although the studies using the oxidant H 2 O 2 are only preliminary, the oxidation was efficiently catalyzed in the case of both oxidants, but high selectivity was obtained only with iodosylbenzene (100 %), compared with 30% selectivity achieved with H 2 O 2 , since in the latter case other products (alcohols) were also detected. The loss of selectivity in the reactions carried out with hydrogen peroxide as oxidant could be a strong indication of the involvement of free radical mechanisms, a consequence of the homolytic cleavage of the peroxide. Therefore, as already done in an earlier work by our group, tests in the presence of radical trap were accomplished, since these traps would eliminate the occurrence of any free radical mechanisms in this type of reaction. As in the case of cubebin oxidation, the results obtained for licarin A oxidation strongly suggest that the active catalytic species responsible for the oxidation is the metal-oxo complex (high-valent iron(IV)-oxo intermediate, Fe IV (O)P ⋅ + ) .
Because our studied on licarin A oxidation are in the initial stage, recyclability of the catalyst has not yet been investigated. It is noteworthy that metalloporphyrin catalysts are able to oxidize the products directly extracted from plants or previously purified. It is also worth mentioning that the experiments were repeated at least three times in the case of both substrates, and total reproducibility was achieved. 
Conclusions
Natural products, especially those found in medicinal plants, have great importance for the development of new drugs for use in human and animal medicines. On account of the biological activities of natural products, including anticancer, antitumoral, trypanocidal, antimicrobial, and anti-inflammatory activities, some alternatives that promote and improve their production are necessary and many attempts have been made in order to oxidize natural plant compounds and produce target components that are not easily obtained by conventional routes.
The use of metalloporphyrin catalysts, biomimics of P450s, is very promising. However, a lot of work remains to be done regarding the use of the clean oxidant hydrogen peroxide and catalyst reuse. One approach to overcoming the latter difficulty is immobilization of the synthetic metalloporphyrins on solid supports.
